Multiferroic BiFeO 3 ceramics were synthesized by high temperature magnetic annealing using nanosized precursor powders prepared through microwave combustion. Simultaneously enhanced magnetization and electric polarization were observed at room temperature in the sample annealed under an external magnetic field of 10 T. These enhanced properties might be originated from a spin structure severely modulated or the low temperature magnetic phase driven up to room temperature and above by the large external annealing magnetic fields. These results demonstrate that the strong magnetic annealing method is an alternative way to synthesize high performance BiFeO 3 materials. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3139780͔ Recently, the multiferroic perovskite compound BiFeO 3 ͑BFO͒ has attracted much attention not only due to the fundamental physics but also for the potential applications of devices based on the magnetoelectric and optical functionalities.
Recently, the multiferroic perovskite compound BiFeO 3 ͑BFO͒ has attracted much attention not only due to the fundamental physics but also for the potential applications of devices based on the magnetoelectric and optical functionalities. 1, 2 Although great progress have been approached in extensive investigation on BFO, the nature of multiferroic properties, such as weak ferromagnetic and magnetoelectric coupling are still controversial. The enhancements of magnetoelectric properties in thin films were ascribed to the effect of epitaxial strain. 3 However, subsequent experimental and theoretical works argued that epitaxial strain did not enhance the magnetization and electric polarization in BFO. 4, 5 Based on the neutron scattering measurements of a single crystal BFO, Lebeugle et al. 6 even announced that the coupling between magnetic and electric orders might be stronger in the bulk than in thin films. More recently, several Raman scattering works at cryogenic temperatures revealed several additional spin-reorientation phase transitions and two one-magnon excitations in BFO, one of which is ferromagnetic and varies with temperature as an S =5/ 2 Brillouin function up to 0.44T N ͑ϳ280 K͒. [7] [8] [9] Spin glass behavior was also reported below 140 K. 10 Among the multiferroic materials for the practical application, BFO has superiority to other materials due to its magnetoelectric behavior at room temperature ͑RT͒. BFO has a ferroelectric order with a Curie temperature T C = 1143 K, and an antiferromagnetic order with a Néel temperature T N = 643 K. 6 Though the magnetoelectric properties of BFO exist at high temperature, the strong coupling effect is very hard to achieve due to the intrinsic antiferromagnetic order and the large leakage current induced by the impurity phases. 6, 11 In order to improve the magnetoelectric properties, many studies have endeavored to develop new approaches of synthesizing high quality BFO samples in different forms. [11] [12] [13] [14] [15] Although single enhanced magnetic or electric property was obtained in the investigation on BFO, hitherto, there is no report on the simultaneously enhanced magnetization and polarization in BFO materials, except for the controversial report on thin films. 3 The magnetic annealing treatment was proved effective in processing ferromagnetic alloy systems at the early stage. 16 Recently, the external magnetic field during the selfpropagating high-temperature technique was evidenced having an effect on the magnetic properties of ferromagnetic oxide even far above the Curie temperature. 17 However, there are very few reports about the magnetic annealing effects on the antiferromagnetic oxide. In this communication, we report on simultaneously enhanced magnetization and electric polarization at RT in BFO ceramic prepared by a strong magnetic field annealing method.
The nanosized precursor BFO powders were prepared by a microwave combustion method, as detailed in Ref. 18 . The precursor BFO powders were palletized and annealed at 550°C for 6 h under zero field and a magnetic fields of 10 T, respectively. The magnetic annealing procedure was performed as follow: a magnetic field of 10 T was applied after the palletized samples put into the furnace; then the furnace was heated up to 550°C; and next, the furnace was turned off after staying on 550°C for 6 h; at last the external magnetic field was removed at RT. Structural characterization was carried out using x-ray diffraction ͑XRD͒ with Cu K␣ radiation on a Rigaku diffractometer. Morphology of the ceramics was investigated by transmission electron microscopy ͑TEM͒. Magnetization measurements were acquired using a vibrating sample magnetometer ͑Model 4 HF VSM͒. Ferroelectric properties were measured by a Radiant Technologies RT6000 ferroelectric test system. Raman spectra were collected on a Micro-Raman spectrometer ͑France JY RH800͒ using 532 nm line. All characterizations described above were obtained at RT. Figure 1 shows the XRD patterns of BFO annealed at 550°C for 6 h under an external magnetic field of 0 T ͑BFO-1͒ and 10 T ͑BFO-2͒, respectively. As shown in the figure, there was only very tiny impurity phase of Bi 25 structure and could be indexed to a rhombohedral phase with space group R3c. The broadened peaks suggest that these ceramics are constructed with nanosized crystallites and the average crystalline sizes are both estimated to be ϳ51 nm by the Scherrer's relation. 19 Typical TEM images of the BFO samples are shown in Figs. 2͑a͒ and 2͑b͒ for BFO-1 and BFO-2, respectively. These images indicate that the particle sizes of the annealed sample are ϳ300 nm. In Figs. 2͑c͒ and 2͑d͒ , high-resolution TEM ͑HRTEM͒ images obtained from a portion of an individual BFO particle are displayed further confirming the good crystalline nature of our BFO ceramics. Figure 3 displays the magnetic hysteresis loops measured at RT. At a glance, the loop of BFO-1 looks like a nearly straight line. However, careful examination reveals that the magnetization curves of the loop at low field are not collinear, suggesting the weak ferromagnetic nature of BFO-1, which could be further confirmed by the nonzero remnant magnetization and coercivity as shown in the partly enlarged curves in the inset of Fig. 3 . The enhancement of magnetization in BFO samples are always ascribed to the size effects of the suppression of helical order, i.e., incomplete rotation of the spins along the direction of the wave vector, increasing in spin canting due to surface strain and oxygen defects. 3, 14, 15 BFO has an antiferromagnetic order with a wavelength of 62 nm incommensurate cycloid spin structure. 20 This cycloid spin structure could be suppressed and the net magnetization will be enhanced by the uncompensated spins, as well as the canting of spin due to surface strain when the crystallite size is reduced below 62 nm. 3, [11] [12] [13] [14] Previous works revealed that these size effects disappear when the crystallite size reaching ϳ100 nm. 3, 14 In this work, the average crystallite size is ϳ51 nm, which is much smaller than 100 nm. Therefore we believe that the weak ferromagnetism of BFO-1 could be originated from the size effects of the suppression of helical order and spin canting. On the other hand, oxygen defects could also enhance the magnetization by introducing Fe 2+ into the ferromagnetic order across Fe 3+ -O 2− -Fe 2+ . 4, 14 For BFO-1, there is no evidence to confirm or obviate its contribution to the ferromagnetic nature of BFO-1. Surprisingly, the magnetization of BFO-2 was enhanced significantly and exhibited ferromagnetic hysteresis loop obviously. The spontaneous magnetization ͑M S ͒, obtained by extrapolating the linear portion of magnetization curve to H = 0, is 0.01 B / Fe, and the coercivity is 280 Oe. Just as BFO-1, the average crystallite size of BFO-2 derived from XRD is ϳ51 nm. This makes us believing that the magnetic enhancement of the size effects take place in BFO-2 too. Furthermore, during the high temperature annealing process, the canting angles in BFO-2 were further modulated by the interaction between the external magnetic field and the uncompensated spins in the canted antiferromagnetic order, which may be the major reason causing the net magnetization increased largely. Considering on the recent observations of the temperature dependence of an S =5/ 2 Brillouin function below 0.44T N ͑ϳ280 K͒, 7, 8 the nature of the magnetic enhancement in BFO-2 could also be originated from one of the low temperature magnetic phases, which might be driven up to RT and above via the large external annealing magnetic fields. On the other hand, the magnetic enhancement of oxygen defects in BFO-2 could be excluded according to the results of electric polarization hysteresis loops, which will be discussed below. The oxygen defects will reduce the electric polarization by introduction of large leakage current. However, an enhanced electric polarization was obtained in BFO-2, indicating that there is no more Fe 2+ fraction in BFO-2 than that of BFO-1. The ferroelectric properties of the annealed samples were examined by measuring the polarizations ͑P͒ against the electric field ͑E͒ loops. As shown in Fig. 4 , P-E hysteresis loops were observed in both samples, indicating that they were ferroelectric. A saturated polarization hysteresis loop was observed at RT under an applied field of 40 kV/cm in BFO-2. Application of higher fields was restricted due to the leakage current problem, which might be induced by the tiny impurity phase or the boundary of grains. For BFO-1, the spontaneous polarization ͑P s ͒, remnant polarization ͑P r ͒, and the coercive field ͑E c ͒ are 0.54 C / cm 2 , 0.18 C / cm 2 , and 9 kV/cm, respectively. Compared to BFO-1, the electric polarization of BFO-2 is enhanced obviously and the parameters of P s , P r , and E c are 0.99 C / cm 2 , 0.23 C / cm 2 , and 9.5 kV/cm, respectively.
Recent Raman scattering investigation on BFO revealed the importance of spin-phonon coupling in this material. 21, 22 In order to get further insight on the magnetoelectric properties of the magnetic annealed BFO ceramic, a Raman study of randomly oriented was carried out, as shown in Fig. 5 . Comparing to the spectrum of BFO-1, the peaks of the spectrum of BFO-2 are shifted and intensified obviously. For example, the first normal A 1 mode of the rhombohedral BFO system for BFO-1 and BFO-2, 21 are at 129.30 and 135.8 cm −1 , respectively. This normal A 1 mode was considered as the link to the suppression in the contribution of the Bi-O1 vibrational mode, which can most likely be attributed to enhanced coupling of magnetic, ferroelectric, and/or structural order parameters. 14, 21, 22 These peaks shifting and intensifying in BFO-2 might be caused by the changed spinphonon coupling, which could be enhanced by the modulated spin structure.
In summary, BFO ceramics were synthesized through a combined route of microwave combustion and high temperature magnetic annealing. Enhanced magnetization and electric polarization were simultaneously observed at RT in the sample annealed under an external magnetic field of 10 T. These enhanced properties might be originated from a spin structure severely modulated or the low temperature magnetic phase driven up to RT and above by the large external annealing magnetic fields. These results indicate that the strong magnetic annealing technique is expected to be useful in synthesizing high performance BFO materials.
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